The spatial-temporal variation of runoff in an inland basin is very sensitive to climate change. Investigation of runoff change in arid areas is typically limited by lack of meteorological and hydrogeological data. This study focused on runoff change in the Yarkand River source area of the Tarim Basin, China, with the aim of analysing the influence of climate change on the response characteristics of discharge. Sensitivity analysis was introduced to reflect the degree of influence of climate on runoff. Based on the sensitivity factors, over 30 sets of schemes including the IPCC Fourth Assessment Report were simulated using the MIKE 11/NAM rainfall-runoff model and the response of runoff was analysed. The results indicate that there are significant correlations and synchronous fluctuations between runoff and precipitation, evaporation and temperature. The characteristics of the sensitivity of runoff can be fitted well by Bi-Gaussian functions. The functions show that high sensitivity indexes mainly appear in the interval of 165 ± 100 m 3 s -1 . The influence of precipitation on runoff is greater than that of other climate factors. Through simulation using the NAM model, we found that change of annual runoff was related to the initial climate condition. Annual runoff will have an increasing trend if it has a strong sensitivity to the initial meteorological condition. Moreover, the runoff decreases linearly with evaporation. Also it has a positive relationship with temperature and precipitation. Across the four seasons, the impact in summer and winter is greater than that in spring and autumn. Estimation of the spatialtemporal influence of climate on runoff could provide insight for water resource development in arid areas.
Introduction
Climate change can directly affect regional hydrological cycles and consequently new distributions of water resources (Kling et al. 2012) . Water resources play a key role in sustaining the ecosystem and oasis in inland basins (Milliken 1989 , Singha et al. 2014 . As a consequence, it is necessary to estimate the sensitivity of runoff to climate change and its spatial-temporal variation.
The Yarkand watershed lies in the hinterland of the Eurasian continent. It has a typical continental climate (Huang et al. 2010) . In recent years, climate changes in this region have been characterized by an increasing trend of temperature and fluctuation of precipitation. Runoff also fluctuates with these changes. This has great influence on the environment and economic development of the watershed, especially of the lower reaches (Chen et al. 2007 , Xu et al. 2007 ). How to estimate the impact of climate on runoff in the future is a hot topic for inland basins.
The sensitivities of runoff on climates are different in different catchments (L'vovich 1979 (L'vovich , Donohue et al. 2011 . Based on the elasticity of streamflow, this concept has been extended (Schaake 1990 , Sankarasubramanian et al. 2001 , Sankarasubramanian and Vogel 2003 and used to assess the possible impacts of future climatic conditions on discharge (Chiew 2006 , Jones et al. 2006 , Fu et al. 2007 . In contrast to the above, few studies have investigated the distribution characteristics of the population, and evolutionary process of discharge with climatic conditions, a suitable distribution function and one simulation method are essential.
Gaussian functions are widely used in statistics, where they describe normal distributions (Marian and Marian 1996, Forchini 2000) , and in mathematics, where they are used to solve heat equations and diffusion equations and to define the Weierstrass transform (Weissler 1981, Hagen and Dereniak 2008) . Gaussian functions have also been used to understand long-term variability of data in climatology and hydrology (Delbari et al. 2009 , Canham and Thomas 2010 , Kapeller et al. 2012 , but rarely used to investigate the fluctuation characteristics of runoff in regions characterized by an inland watershed. This work is essential for expressing the change characteristics of runoff with climatic change in arid areas including western China.
Estimating the runoff change under future climate change scenarios is not easy in inland watersheds with mountain precipitation and snowmelt (Khaleel et al. 1980) . Because of cold weather, high altitude and inconvenient traffic in the river headwater region, it is very difficult to carry out hydrometeorological and hydrogeological observations. This limits the application of distributed hydrological models due to the lack of required data (Liu et al. 2007) . Therefore, using a lumped, conceptual model is more suitable here. The MIKE 11/NAM (Nedbør Afstrømnings Model) rainfall-runoff model (Nielsen and Hansen 1973) has been widely used to simulate natural rainfall-runoff processes in a basin (Bao et al. 2011) . It can be prepared in a number of different modes depending on the requirements. It has been widely applied because of its ability to simulate the physical processes in more detail than other models (Havnø et al. 1995) . Since the MIKE 11/ NAM rainfall-runoff model has been successfully applied to simulate the hydrological data of the Kaidu watershed, another headwater region of the Tarim River basin, (Bao et al. 2011) , we think that this model can also be used for the analysis of hydrological processes in the study area.
The main purpose of the present study was to analyse the sensitivity to climate change of runoff in the Yarkand watershed. The main objectives were: (1) to estimate the sensitivity of climate factors for runoff, (2) to apply Gaussian functions to describe the distribution characteristics of sensitivity of runoff with climatic change, and (3) to construct a NAM hydrological model for simulating the sensitivity of runoff to climate change under future climate change scenarios.
Study area
The Yarkand watershed in the Tarim River source area between latitudes 35°27'-37°44'N and longitudes 75°31'-78°24'E, covers a surface area of about 27 800 km 2 (Fig. 1) . The Yarkand watershed, which is in the extremely arid western China, derives most of its water resources from melting snow and glaciers in the Karakoram and Kunlun mountain systems. About 64% of the discharge is from melting snow and glaciers (Alexander et al. 2008) . The snowline in this area is at an altitude of about 5395 m, with the low limit at 5145 m. About 11.1% of the area is covered by glaciers. The annual average runoff is 54.62 × 10 8 m 3 (Sun et al. 2010) .
Data and methods

Data basis
We obtained data from European Centre for MediumRange Weather Forecasts (ECMWF; http://www.ecmwf. int/), and daily temperature, precipitation, solar radiation and evaporation were used during the period of 1 January 1960 to 31 December 2007. Data were from ERA-40 dataset (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) and ERA-Interim dataset (1979 . The size of the grid cells was 0.25°× 0.25°. Streamflow and groundwater level data from Kuluk hydrological station were obtained from the Tarim River Basin Administrative Bureau (http://www.tahe.gov.cn/) during the same period. The data have been verified. A digital elevation model (DEM) was used for rectifying the precipitation and temperature in the watershed. The size of the grid cells is 100 m × 100 m. The spatial distribution of the reference stations was shown in Fig. 1 .
Sensitivity analysis
Sensitivity analysis can directly show the degree to which a factor influences the runoff. If there is great change in runoff with the change of an influencing factor, the sensitivity to that factor is very high. In order to analyse the sensitivity of runoff to climate change, a sensitivity analysis method has been introduced. The sensitivity index Sða i Þ can be expressed as follows (Dooge et al. 1999) : where R Ã is the standard runoff and is used in comparison with a period of time; a Ã is the influencing factor (such as precipitation, evaporation and temperature) on runoff, ΔR i is the difference value between the observed runoff (R) and the standard value R Ã ; Δa i is the difference value between the observed influencing factor (a) and the standard value a Ã .
Gaussian function
The Gaussian function, which gives the probability that an observation will fall between any two real numbers, is widely used to describe normal distribution in statistics, defining Gaussian filters in signal processing (Qian and Chen 1994) , transforming Gaussian blurs in image processing (Zhang and Smart 2006) , solving heat and diffusion equations and defining the Weierstrass transform in mathematics (Barcelos et al. 2005) . Gaussian functions have also been applied in climate and hydrology (Nualart and Quer-Sardanyons 2012) . A Gaussian function was used in the present study for analysing the response characteristics of runoff to factors to which it is sensitive. Bi-Gaussian functions were used to improve the precision in fitting. The functions can be expressed as:
where y i is the sensitivity index of the ith factor; a 1 , a 2 , b 1 , b 2 , c 1 and c 2 are the Gaussian parameters; and x is the discharge (m 3 s -1
).
Runoff simulation
3.4.1 MIKE 11/NAM rainfall-runoff model The MIKE 11/NAM hydrological model has been applied to simulate the rainfall-runoff processes in the Tarim River basin (Bao et al. 2011) . This model was originally developed by the Department of Hydrodynamics and Water Resources of the Technical University of Denmark. MIKE 11/NAM is a lumped and conceptual rainfall-runoff model based on physical structures and equations used together with semiempirical ones (Madsen 2000) . Being a lumped model, MIKE 11/NAM treats each catchment as a single unit. The parameters and variables represent, therefore, average values for the entire catchment. As a result, some of the model parameters can be evaluated from physical catchment data, but estimation of the final parameter must be performed by calibration against time series of hydrological observations. The model structure (Bao et al. 2011 ) is shown in Fig. 2 . It is an imitation of the land phase of the hydrological cycle. MIKE 11/ NAM simulates the rainfall-runoff process by accounting for the water content in four different and mutually interrelated storages that represent different physical elements of the catchment. These storages are snow storage, surface storage, lower or root-zone storage and groundwater storage (Madsen 2000) .
In addition, MIKE 11/NAM allows treatment of manmade interventions in the hydrological cycle such as irrigation and groundwater pumping. Based on the meteorological input data, MIKE 11/NAM produces catchment runoff as well as information about other elements of the land phase of the hydrological cycle, such as the temporal variation of the evaporation, soil moisture content, groundwater recharge, and groundwater levels. The resulting catchment runoff is split conceptually into overland flow, interflow and baseflow.
The MIKE11/NAM model needs (a) model parameters, (b) initial conditions, (c) meteorological data (precipitation, potential evaporation, temperature and radiation), and (d) streamflow data for the model calibration and validation. The model setup could be referred to the reference manual (DHI 2009).
Model uncertainty estimation
The coefficient of efficiency is generally used to evaluate model performance (Nash and Sutcliffe 1970, McMichael et al. 2006) . It can be expressed as:
where O and O are the observed discharge and the mean observed discharge, respectively, and P is the predicted discharge. If the predicted values are equal to the mean observed discharge, E = 0. When all the predicted values equal to their corresponding observations, then E = 1. To evaluate the difference between the predicted discharge and the observed discharge, relative error D v is frequently used (Kokkonen et al. 2001) :
The closer to 0 D v is, the higher the accuracy is.
Pearson product-moment correlation analysis
Statistical parameters can reflect the basic characteristics of a random phenomenon. Pearson product-moment correlation analysis is one of the most popular classical statistical methods (Cristescu et al. 2012) . It is often used to express the closeness of the relationship between two or more variables. Statistical parameters and Pearson product-moment correlation analysis are all widely applied in hydrology and water resources management (Ouarda et al. 2001 , Tsakiris et al. 2011 . They were introduced to analyse the relationship between runoff and meteorology in order to identify the main influencing factors. The correlation coefficients between monthly average runoff and monthly average precipitation, average temperature, average evaporation, average sunshine hours and average wind speed were calculated. First, the meteorological factors with close relationship between discharge and dissipation such as precipitation, average temperature, evaporation, radiation and wind speed (Hodgkins 2001) , were selected to construct the monthly data series from 1960 to 2007. The contemporaneous runoff series were also constructed. Then the fluctuating part of each series about the average was calculated. Finally, the statistical parameters, including average, coefficient of variation, coefficient of skewness and correlation coefficients (Kravtsov et al. 2005) , were analysed. Coefficient of variation is a normalized measurement of dispersion of a probability distribution, and the coefficient of skewness is a measurement of the asymmetry of the probability distribution of a real-valued random variable (Bendel et al. 1989 ).
Temperature and precipitation revision
Temperature and precipitation data are required to be corrected for reducing errors caused by low resolution and location deviation. Empirical formulas, calculated from the relationship between elevation and climate data, were used to correct data in this paper. First, the elevation of each grid cell within the reference stations area was calculated with DEM. Then the temperature (Yang et al. 2007 ) and precipitation (Ji and Chen 2012) in the area would be calculated according to the empirical formulas. If the relative error between the calculated and observed values was less than 10%, it meant that the data could be used. Otherwise the data was revised. All work was performed using the spatial analysis model in ARCGIS 10.1.
Calibration of parameters
All the discharges used for calibration were measured during 1990 and 1995. Temperature, precipitation, solar radiation, evaporation and discharge were daily average values. The two periods which were assumed to have the minimum and maximum effects of the climate on the runoff were chosen for calibration. Calibration to measured discharge was performed through an iterative process of changing water content, overland flow runoff coefficient and time constant.
The main parameter setting used in the modelling system was listed in Table 1 . The values listed are the final calibrated values of parameters.
Results and discussion
Fluctuation characteristics and correlation analysis between runoff and climate factors
Based on the above correlation analysis method, the climatic variables were correlated with monthly average runoff, and some statistical parameters were calculated. The results are shown in Table 2 .
The results show that the Yarkand watershed is characterized by a typical continental climate with little precipitation, low temperature, intensive evaporation, rich sunlight and low wind speed. The coefficients of variation of runoff and precipitation are larger than the others. Monthly average sunshine hours and wind speed are very small. The reason for this is that the Yarkand watershed is surrounded by the Kunlun Mountains in the south, Tianshan Mountains in the north and Pamirs plateau in Figure 2 . MIKE 11/NAM model structure (Bao et al. 2011) . θ L , water content at the wilting point in surface storage; θ F , actual water content in surface storage; θ S , water content at field capacity in surface storage; QOF, overland flow runoff; P, precipitation; PN, net precipitation; DL, the lower zone storage; GAFLUX, groundwater flux; Bfu, baseflow; GWPUMP, pumped groundwater; GWLBFO, maximum groundwater depth causing baseflow; S y , specific yield for the groundwater storage; U max , maximum water content in surface storage; L max , maximum water content in root zone storage; CKBF, time constant for routing baseflow; CK 1,2 , time constants for routing overland flow. the west. Mountains block the input of vapor in the atmosphere so that most of the precipitation falls on the windward side. The runoff and precipitation have positively skewed distributions, whilst the monthly average temperature, sunshine hours and wind speed have negatively skewed distributions. This is consistent with the coefficients of variation. Correlation analysis shows that there is a positive correlation between discharge and the meteorological factors. Only the confidence interval of precipitation, temperature and evaporation are over 95%. The correlation coefficient of evaporation is the largest one, and is followed by the average temperature. Thus, the meteorological factors with significant effect on runoff are evaporation, temperature and precipitation.
Time-varying response characteristics of sensitivity indexes
Following the correlation analysis, the factors that have the most significant effect on runoff, evaporation, temperature and precipitation, were chosen for further analysis.
Time-varying characteristics of sensitivity indexes
The daily sensitivity indexes of precipitation, evaporation and temperature from 1960 to 2007 were calculated using equation (1). The standard runoff (R Ã ) adopted the daily averages of all 48 years. The monthly (Fig. 3) and annual (Fig. 4 ) sensitivity indexes were based on the daily values. 5 1956 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 Figure 3 shows that the sensitivity indexes changed annually. All of them had a similar trend. The sensitivity index of precipitation, 2.75, is the largest in synchronization. The sensitivity indexes of temperature and evaporation rank the second and the third, 1.30 and 1.05, respectively. The maximum values of all the three indexes occurred in 1995, being 3.73, 1.76 and 2.54 for precipitation, temperature and evaporation, respectively. The minimum values, 2.22 for precipitation, 0.98 for temperature and 0.41 for evaporation, were observed in 1990. This shows that precipitation is the most sensitive factor among these factors to the runoff in the study area. The large annual variation of sensitivity indexes suggests there is a close relationship between the sensitive factors and external factors. Figure 4 shows the monthly sensitivity indexes, which showed double peaks. The size order was similar to that of the annual variation: precipitation > temperature > evaporation. The main and the secondary peak values appeared in June and September, and the valley values appeared in August. The consistency of sensitivity shows the close relationship among these factors. June and September, when peak values appear, are the flooding period and the dry period, respectively. We can take measures according to the sensitivity change based on the different sensitive factors.
Distribution characteristics of sensitivity indexes with discharge
To describe fully the statistical regularity of random variables, the distribution function is always used. A review of literature shows that precipitation and runoff can be expressed by distribution functions but there are some differences in different areas. In order to find the differences and their regularities with runoff, a method of parametrization of Gaussian functions was adopted in the present study. Gaussian functions were always used for curve fitting. Jonsson and Eklundh (2002) simulated the entire growing season of plants and determined the time of the beginning and end of the growing season using such function. Asymmetrical Gaussian functions were used instead of common Gaussian functions to analyse the skewed distributions. First, the data points were fit around the extreme value using partial Gaussian functions. Then the fitted contiguous functions were spliced for the global functions.
First, the daily series of sensitivity indexes of precipitation, temperature and evaporation were calculated for a period of 48 years. Then all series were sorted based on daily discharge, and the sensitivity indexes of each factor affecting discharge were fit using bi-Gaussian functions. The fitting curves are shown in Fig. 5 .
The fitting equations are as follows at the 95% confidence level: y T : sensitivity index of temperature, y E : sensitivity index of evaporation, y R : sensitivity index of precipitation. The fitting errors, sum of squares for error (SSE), determination coefficients (R 2 ) and root mean square error (RMSE) were obtained by further analysis (Table 3 ).
The fitting result shows that bi-Gaussian functions can describe the distribution between sensitivity index and runoff. Parameter a 1 in equation (2) represents the peak value. It is 34.74, 16.64 and 21.37 for precipitation, temperature and evaporation, respectively. This indicates that precipitation has more influence on runoff than temperature and evaporation under extreme conditions. Parameter b 1 represents the location of the axis of symmetry on the x-axis. The values of three factors are not significant. But all median discharges are about 165 m 3 s -1 . Parameter c 1 is the steepness of the curve. The smaller c1 is, the steeper the curve is. Here, it represents the sensitive range for runoff. The fitting results indicate that the influencing range of climate factors increase from the smallest to the largest in the order of evaporation, temperature and precipitation. 4.3 The sensitivity simulation of runoff with the governing climate factors 4.3.1 Model calibration, testing, and estimation of uncertainty According to the above analysis, the peak value and valley value of sensitivity indexes appeared in 1990 and 1995, respectively, so their runoff processes were chosen for the model calibration and testing. This work is the foundation for simulation of runoff sensitivity to climate change.
Parameter sets (see Table 1 for the main initial parameters) were used to conduct the Yarkand simulation for a calibration period from January 1 to 31 December 1990 (Fig. 6) . The value of E is 0.8632 (Table 4) for the runoff at Kuluk. The threshold value of E applied in our application of MIKE 11/ NAM agrees with those reported by Andersen et al. (2001) and McMichael et al. (2006) , who found good model runs for E ≥ 0.65. The results indicate that the model is acceptable for conducting a simulation of the Yarkand watershed.
We calculated prediction errors for daily data over the test period (1 January-31 December 1995) (Fig. 7) . Approximately 85% of the observed runoff values fell within the 5% and 95% uncertainty bounds based on regression versus observed values. The accuracy of the model predictions is considered to be acceptable (McMichael et al. 2006 ).
Simulation of runoff sensitivity to climate change
To analyse the impact of key meteorological factors on runoff, several schemes were constructed for modeling. 4.3.2.1. Design of simulation scheme. To contrast the differences in the impact of climate change on runoff under different sensitivity backgrounds, the meteorological data in 1990 and 1995 representing the most sensitive and the least sensitive background values, respectively, were selected as the standard values for simulation. The temperature ranges from −2°C to 2°C, and precipitation ranges from −20% to +20% (Sun et al. 2010) in the Yarkand watershed. Based on the standard background values, we assumed: −2°C, 0°C and 2°C change of the temperature; −20%, 0 and +20% change of the precipitation; −20%, 0 and +20% change of the evaporation. Then 27 sets of simulating meteorological data were obtained. On the other hand, three climate seniors with respect to the baseline period 1961 to 1990 were chosen, based on the Fourth Assessment Report (AR4) Atmosphere-Ocean General Circulation Models (AOGCMs) by IPCC (http://www.ipcc.ch/publications_ and_data/ar4/wg2/en/ch10s10-3.html). The combination schemes are shown in Table 5 .
4.3.2.2 Impact of fluctuating meteorological factors on runoff. The runoff in the 30 sets of scenarios was simulated.
The annual average and monthly average runoff were analysed based on the simulation results (Figs 8 and 9 ). In order to display the result clearly, the monthly average runoff and change rate under all scenarios were calculated (Fig. 9) . Figure 8 shows that the annual average runoff would have a decreasing trend if the meteorological data of 1990 were adopted as the reference standard: 74.1% of the scenarios led to significant decreases. The range of the decrease in runoff was 4.26%. The maximum appeared in the 12th scenario, with a 20% decrease of precipitation and a 20% increase of evaporation. The decrement of runoff reached 14.57%. On the other hand, there would be an increasing trend if the reference standard adopted were the meteorological data of 1995: 85.2% of the scenarios led to significantly increased runoff. The range of the increase in runoff was 2.61%. The maximum appeared in the 21st scenario, with a 2°C increase in temperature, a 20% decrease in precipitation and a 20% increase in evaporation. The increment of runoff reached 8.80%. Further analysis indicates that the influences of temperature, precipitation and evaporation on runoff are different.
There is a positive correlation between runoff and evaporation whereas the correlation between temperature and precipitation can be either positive or negative. On the whole, under the maximum sensitivity scenario, the largest fluctuation influences among the meteorological factors are those of evaporation, and the smallest are those of temperature. Under the minimum sensitivity scenario, the largest is that of precipitation, and the smallest is that of evaporation. Figure 9 shows the monthly average fluctuation of runoff under all scenarios. There is a decreasing trend from February to June and an increasing trend in the other months. Among the changes, the increment of runoff reached 85.27% in May. The annual average runoff has a slight increasing trend. The discharge change mainly distributed in the summer (April to June) and winter (December to February).
The analysis as a whole shows that the impact of climate on runoff is different under different scenarios. Differences in the initial meteorological conditions can also lead to big differences in runoff. If the initial sensitivity of runoff to climate were strong, climate change would cause annual runoff to increase. Conversely, if the sensitivity were weak, climate change would cause annual runoff to decrease. The flow variation in autumn and winter would be greater than that in spring and summer. The factor with the greatest influence on runoff is the evaporation. However, the influences of temperature and precipitation are not so stable. In a certain range, precipitation change may cause great fluctuations of runoff while temperature change may not result in great runoff fluctuation.
Conclusions
Sensitivity analysis has been applied extensively in engineering, economics, medicine, meteorology and hydrology. In the present study, this method was used to analyse the impact of climate on runoff. It was demonstrated that sensitivity can reflect the response relationship between runoff and climate change in the study area. Significant correlations were found between runoff and precipitation, evaporation and temperature. The sensitivity of runoff to these climate factors changed with time and fluctuated synchronously. The runoff is most sensitive to precipitation and least sensitive to evaporation.
All the sensitivities could be fit with Gaussian distributions. Bi-Gaussian functions satisfactorily describe the sensitivity of runoff to the various factors. All regression determination coefficients were above 0.7. The fitting results show that the largest influence of climate on runoff is centered on the axis of symmetry with a range of ±100 m 3 s -1
. When the runoff is out of this range, the influence becomes weak.
The MIKE 11/NAM model was applied extensively, and the performance of the model was assessed using the coefficient of efficiency E (Nash and Sutcliffe 1970, McMichael et al. 2006) . This coefficient was greater than 0.8, and approximately 85% of the observed runoff values were within the 5% and 95% uncertainty bounds of the regression of simulated versus observed runoff. This result shows that the NAM model is acceptable for the simulation of precipitation runoff in the study area.
On the basis of modelling the impact of 30 sets of schemes, it was found that change of annual runoff is related to the initial climate condition. The annual runoff has a decreasing trend if it has a weak sensitivity to the initial climate condition; conversely, it has an increasing trend if the sensitivity is strong. The runoff decreases linearly with increasing evaporation. There are only positive relationships between runoff and temperature. In addition, the impact of climate change on runoff is larger in summer and winter than in spring and autumn.
This study describes an efficient method for analysing the impact of climate on runoff. Estimation of the spatial-temporal influence of climate on runoff could provide insight for water resource development in arid areas.
